Introduction
Walnut (Juglans regia L.) is known to be exacting in its site requirements and consequently difficult to establish successfully (Steven, 1927; Chard, 1949; Evans, 1984; Istvan and Tibor, 1990; Savill, 1991; Kerr, 1993) . The principal difficulty in Britain, and in fact throughout most of its natural and introduced ranges, is damage by frosts, both in late spring, when shoots and flowers are very susceptible, and in early autumn (Evans, 1984; Savill, 1991) . Given these difficulties, it is perhaps surprising that until the late 1990s (Hemery, 2000) there had been no breeding programme for the species in Britain, even though flushing has been shown to be a highly heritable trait in walnut (h 2 = 0.96; Hansche et al., 1972) .
Treeshelters have been widely adopted in lowland forestry in the UK since the early 1980s, particularly for broadleaves, as they offer the benefits of protection from browsing animals and sprayed herbicides, in combination with an improved micro-climate (Hart, 1991) . Potter
The use of treeshelters and application of stumping in the establishment of walnut (Juglans regia)
Summary
The effects of three treeshelter treatments (none, 75 cm and 120 cm tall) and a stumping treatment on establishment of walnut (Juglans regia L.) were tested over four growing seasons. Treeshelters were beneficial for both tree height increment and stem diameter growth. However, the 120 cm tall shelters promoted earlier flushing than the other shelter treatments, resulting in a risk of increased frost damage. Additionally, a substantial degree of stem dieback occurred during one dormant season in the 120 cm shelters when 46 per cent of tree height was lost, whereas there were no significant differences for dieback between those trees without shelters and those in 75 cm shelters (20 per cent and 15 per cent, respectively). Medium-sized (60 or 75 cm) shelters are therefore recommended where possible for the successful establishment of walnut. Stumping promoted rapid early height increment but gave no longer-term benefit, as stumped trees never attained a height equal to intact trees. There were no significant interactions between treeshelter and stumping treatments.
(1991) demonstrated that the use of shelters consistently decreases mortality under a range of conditions and with a wide number of species. Treeshelters also have the ability to promote rapid growth of trees through their frost-sensitive phase of development.
There has been a limited amount of research directed towards the use of shelters with walnut. Heiligmann and Schneider (1974) found that the growth of Juglans nigra seedlings, when exposed to a constant wind velocity (2.8 m s -1 ), was significantly reduced compared with those grown in more sheltered conditions (0.1 m s -1 ) within open net shelters. Tuley (1983) reported that trials with J. regia showed no significant differences in height increment between trees grown in 120 cm shelters and those grown in open 'guards' but no comparison with unsheltered trees was possible due to a browsing risk. Ponder (1991) tested 120 cm shelters with 1-year-old seedlings of J. nigra in south-west Missouri, USA, finding that mean height growth was significantly greater for trees within shelters compared with those with no shelters. On two out of three sites, mean heights were 18 cm greater with shelters and there was no significant difference between treatments in seedling survival. Less desirably, Ponder (1991) also reported that shelters reduced stem diameter growth and delayed hardening-off, the latter leading to large amounts of stem dieback on one site.
A trial planted by the British Forestry Commission in 1984 tested a range of treatments for establishing walnut, including shelters, herbicide weed control, soil cultivation, and a comparison of performance between J. regia and J. nigra (experiment 'Alice Holt 355'; Forestry Commission, unpublished records). Two shelter types were used; a 60 cm tall open-net guard and a 120 cm white treeshelter manufactured by Correx. The shelters improved survival and promoted greater height growth compared with the net guards. However, the effectiveness of the trial was short-lived due to poor survival (68 per cent), probably due to poor site selection as soil pH was 5.1. Evans (1984) recommended that the optimum pH for walnut should be near neutral, between pH 6 and 7. Evans and Shanks (1987) reported that three experiments of walnut planted in shelters had demonstrated that the species showed a 'good' response with a score of 2 (where 1 = best and 5 = worst). Potter (1991) described J. regia as one of the more suitable species for use in shelters as they have shown >100 per cent greater height increment when grown in shelters compared with mesh guards 3 years after planting. Snellgrove and Mayhead (1995) suggested the use of shelters as a potential means of reducing frost damage of walnut. There is no evidence for this, however; indeed, night temperatures within shelters have been shown to drop below those of the surrounding field (Potter, 1991) .
Stumping is the practice of cutting back the stem to just above ground level at planting time, or within the early years of establishment, to stimulate a vigorous new shoot. It was once a common technique for establishing some species in Britain (Hibberd, 1988) but it can only be used on species that can regenerate from dormant buds. Stumping is undertaken at differing times, for a variety of reasons: reducing the bulk of planting material thereby making transport easier; reducing post-planting stress to improve initial survival; improvement of the root to shoot ratio; promoting a straighter and more vigorous main stem, and as a corrective treatment following damage by browsing, fire or frost. In walnut silviculture, the most important benefit of stumping is in its promotion of rapid height increment through the early frost-sensitive phase of growth (Pope and Mayhead, 1994) .
A stumping treatment for walnut establishment has been recommended for 2+0 plants (MacDonald et al., 1957; Aldhous, 1972) , whilst Gray (1939) recommended a further 2 years in the nursery transplant bed (2+2) after stumping. Edlin (1945) recommended stumping 1 year after planting, to the last few buds above ground. Between 1938 and 1942, five walnut experiments were established by the Forestry Commission at Ffosydd Orles in Wales using J. regia and J. nigra. The trials, which tested the effect of stumping at planting time, concluded that it was a very risky practice which could not be recommended (Forestry Commission, unpublished) . In these trials, mortality of stumped trees after 6 years was 2.5 times greater than for intact trees; the main risk was believed to be the effect of repeated frosting before the young shoots could grow beyond the frost zone. Pope and Mayhead (1994) analysed the effects of stumping, at planting time, on 2-year-old J. regia seedlings and transplants, and found that the total tree heights in the treatments (stumped and intact) converged with increasing time. After one growing season, intact plants were significantly taller than stumped plants even though stumped plants showed significantly greater height increment during this period, but after 2 years there were no significant total height differences between treatments. Snellgrove and Mayhead (1995) studied the effect of stumping, at planting time, on different walnut plant types, concluding that it caused a vigorous response in terms of height increment, as stated by Evans (1984) .
The objective of the research described here was to investigate the effects of height of treeshelters and of stumping on two types of walnut planting material.
Materials and methods

Field experiment
A field trial was planted in December 1996 in the Northmoor Trust's forest research enclosure at Little Wittenham, near Oxford in southern England at 51°38Ј N, 1°12Ј W (Hemery, 2000) . The area is situated at 55 m above sea level on former arable land, with sandy-clay loam soils of pH 7.5 overlying river gravel, typically between 1.0 m and 1.5 m below ground level. Mean annual precipitation is 581 mm. The trial was a randomized complete block design with 2 blocks of 12 plots (3 shelter treatments ϫ 2 stump treatments ϫ 2 sources of planting material); each plot had 16 trees in a 4 ϫ 4 arrangement planted at 2 ϫ 2 m.
Two sources of walnut material were incorporated: the German clone 'Sämlinge' and the French provenance 'Lozeronne' (RA464). Glyphosate was applied annually to a 1 m diameter circle around the base of each tree to control weed competition. Three treeshelter treatments were applied: (1) control with no shelters, and Tubex 'standard' shelters of (2) 75 cm and (3) 120 cm height. A stumping treatment was applied where trees were either stumped or left intact. Stumped trees were reduced at planting time to 10 cm above ground level; the cut made with secateurs at 45°to aid water runoff on the cut stem. Singling was required for stumped trees in July of the first growing season.
Measurements of tree heights and stem diameters, at 7.5 cm above ground, were made at the time of planting (December 1996) and subsequent measurements of height were made on an annual basis until the final assessment in September 2000. Stem dieback over the 1997/98 winter was calculated by measuring the height above ground of the highest flushing bud in May 1998, this value being subtracted from the total tree height recorded in autumn 1997.
Statistical analyses, using Minitab (1996) , were in the forms of analysis of variance and Kruskal-Wallis tests for non-parametric data, and were undertaken using plot means. Multiple comparisons of means was undertaken using the Tukey test (Hoppe, 1993) , where the difference between a pair of means is divided by the standard error, producing a test statistic q, which is compared in tables of critical values. Survival data were arcsine transformed.
Assessments of bud and leaf flushing were made in spring 1998 using a seven-point scoring system (Figure 1) . A tree was awarded a particular score when ~50 per cent of the buds/leaves had attained a developmental stage. A score of '0' was given to trees with dormant buds and thereafter two scores were used to record each subsequent stage; bud break (1 and 2), the emergence of leaves (3 and 4) and shoot expansion (5 and 6). Six assessments were made over a period of 21 days in order to monitor the progression of the trees from dormancy to being in full leaf. A fully flushed state was classified as score 3, where the emerging leaves first extended beyond the bud scales. In order to clarify which treatments were different on each assessment day, multiple statistical comparisons were applied within the Kruskal-Wallis test with the test statistic Q (similar to the z statistic but used where more than two comparisons are undertaken).
The relationship between shelter treatments and stem diameters was explored further at the end of 2000 by measuring diameter at breast height at 1.3 m and at ground level. Stem volume was calculated for stem length between ground level and 1.3 m by the following equation for a linear truncated cone: 
Results
Survival
Throughout the trial, survival was excellent at 99.2 per cent after the first year (three trees were lost from a total of 384). By the end of the second year (1998) there was a small increase in mortality with the loss of a further five trees (97.9 per cent survival), which remained unchanged until the end of the fourth year.
Tree height
Total mean height increment over the four growing seasons was 107 cm. The greatest annual overall increment occurred in the first year with almost 50 cm of growth (Table 1) . Growth in subsequent years was less impressive, particularly in the second season, the reasons for which are explored below. At the end of the first growing season (1997), height growth was significantly greater (P ≤ 0.001) for stumped than intact trees, the former increasing almost 2.5 times more in height than the latter (Table 1) . Over all the four growing seasons, however, stumping had no effect but there was an interaction (P ≤ 0.01) between the type of planting material and stumping. The total mean height increment (1997) (1998) (1999) (2000) of the Sämlinge trees was 24 cm greater in the stumped treatment (130 cm) than in intact treatments (106 cm), compared with a difference of 56 cm for the Lozeronne trees.
Mean heights of the two types of plant material were not different at the ends of each of the four growing seasons, despite a difference (P ≤ 0.001) in initial size. This was due to the better (P ≤ 0.001) growth of the Sämlinge trees during the first season, which evened out the height variation between the two sources.
During the first (1997) growing season, trees without shelters grew <9 cm but with shelters it was dramatically better (Table 1 ). Figure 2 shows that the trees in the 75 cm and 120 cm tall shelters had grown, on average, beyond the height of 482 FORESTRY Figure 1 . Flushing scores used in the assessment of the walnut establishment trial: dormant bud 0 (bud closed), bud breaking 1 (scales separating) and 2 (leaves visible), leaves emerging 3 (<2 cm) and 4 (>2 cm), shoot expanding 5 (<4 cm) and 6 (>4 cm; not illustrated). their respective shelters by the autumn of 1997, but in subsequent years growth was slower. This may have been due to the exposure faced by the trees as they left the protection of their shelters, as illustrated by the impressive growth of nearly 90 cm in the 120 cm shelters during the first year (Table 1) , and then <7 cm in the second. However, an additional influencing factor was observed and quantified during the winter of 1997/98 when some trees suffered from dieback. This is discussed below. Dieback was absent from all the treatments during 1999 and 2000. Over the four growing seasons (1997-2000) height growth was significantly better (1) where shelters had been used, (2) where trees had not been stumped, and (3) among the Sämlinge trees. For (2) and (3) these effects can be explained by the significant (P ≤ 0.001) differences in height growth during the first year (1997), because thereafter, there were no differences.
Stem dieback
During the winter of 1997/98, the two sources of plant material suffered different degrees of stem dieback (P < 0.001), the Sämlinge trees suffering twice the dieback of the Lozeronne trees (Table  1 ). The greatest impact on dieback, however, was the effect of shelter. Trees without shelters and those in 75 cm shelters died back by 9 cm and 13 cm, respectively, but in the 120 cm shelters it was significantly (P ≤ 0.001) more, at 59 cm (Table 1) .
A regression of mean tree heights at the end of the 1997 growing season, on heights just before the beginning of the following growing season, after dieback had occurred, indicated that the taller trees were significantly more prone to dieback (r 2 = 0.602; P ≤ 0.001). When dieback length is expressed as a percentage of the start of winter tree heights the relationship is clearer (Figure 3 ). Mean dieback in the 120 cm shelters, containing the tallest trees (123 cm), was 46 per cent of the total heights. However, in the 75 cm shelters, at 15 per cent, it was less than for trees without shelters (20 per cent), which were significantly smaller trees. Post-dieback height growth was different (P < 0.001) between the shelter treatments, with increment in the 120 cm shelters being 216 per cent greater than in the 75 cm shelters. During this one season, dieback therefore had a significant effect on height growth within the 120 cm shelters, as the average growth was 66 cm but this followed an over-winter dieback of 59 cm; resulting in only 7 cm of height growth between year ends. One question is whether the substantial growth in the 120 cm shelters would have occurred if dieback had not preceded it. This may be answered by considering that the mean highest flushing bud (G) in the 120 cm shelter was at 64 cm (SE ± 5.8), effectively only half the height of the protecting tree shelters. The mean growth of 66 cm that followed during 1998 was therefore almost entirely within the cover of the 120 cm shelters. In contrast, the mean height of G in the 75 cm shelter treatments was just at the top of the shelter, at 75 cm (SE ± 4.7) and the 30 cm of growth that followed took place above any protection.
Stem diameter
As shown in Table 1 , growth in stem diameters tended to reflect those in heights. They were different between the two sources of material at planting time, but not thereafter. Between shelter treatments, there were no differences between the 75 cm and 120 cm shelters but sheltered trees had significantly (P ≤ 0.05) greater diameters than unsheltered trees. Stumping had no overall effect on diameter growth.
Over the 1997 and 1998 growing seasons, mean diameters for some treatments showed negative growth; this can be explained by the dieback of the original stem which caused the formation of multiple stems, each being smaller in diameter than the original.
Overall mean stem diameter at the end of the fourth growing season, in the autumn of 2000, was almost 30 mm. Diameters were best among trees with shelters (of either height) though the 75 cm shelters promoted slightly, but not significantly, better overall growth. Stumping and plant source had no overall effect over the four years of the trial.
Trees in the 75 cm shelters had attained a mean volume of 1027 cm 3 (SE ± 66) which was greater (but not significantly greater) than trees in the taller 120 cm shelters (827 cm 3 ; SE ± 62). Stem taper was greater for trees in the 75 cm shelters than for those in the 120 cm shelters. In the 75 cm treatment, for every centimetre in length, stem diameter changed by 0.3 mm (SE ± 0.008) whilst in the 120 cm treatment taper was less, at 0.2 mm (SE ± 0.006). The difference in mean stem taper between the two treatments is explained by the larger basal diameters of trees in the 75 cm shelters compared with 120 cm shelters. At breast height there were small differences in stem diameter between the two treatments, with trees in the 75 cm shelters having a smaller mean diameter at breast height.
Flushing assessments
On the first two flushing assessment days, Julian days 125 (5 May 1998) and 128, the Sämlinge trees had flushed earlier than Lozeronne trees (P < 0.05) by a mean score of 0.8 (SE ± 0.1) on day 125 and remained 0.7 greater (SE ± 0.2) on day 128. From day 131 onwards, variation between the two sources was non-significant. There were some clear trends in flushing within the shelter treatments. The 120 cm shelters promoted earlier flushing, and the trees in the tall shelters reached the 'flushed' stage (score 3; Figure 1 ), ~5 days before those in either of the other two treatments (Figure 4) . On the first (day 125) and last (day 146) assessment days, there were no significant differences between trees in different shelter treatments. On days 128, 131, 134 and 138, flushing in the 120 cm shelters was significantly (P ≤ 0.05) more advanced than in the other two shelter treatments. Differences between the no-shelter and 75 cm shelter treatments were non-significant except on days 134 and 138 (P ≤ 0.05).
There were no differences in flushing dates between the stumping treatments.
Discussion and conclusions
Shelter had a strong beneficial influence on growth compared with trees planted without shelters in the first 4 years after planting. For walnut growers, the obvious recommendation would therefore be to use shelters wherever possible. The greatest annual height increment was promoted by the 120 cm shelters but was limited within the confines of the shelters. The combination of both the high degree of dieback and the promotion of earlier flushing in the 120 cm tall shelters, both of which may lead to creation of multiple stems, count heavily against their use for the successful establishment of walnut. The consequence of multiple stem formation in 120 cm shelters is the practical difficulty in pruning (singling) the trees without destroying the shelter, as the heavy branching habit of the species often prohibits removal of the shelter. Given that the rapid growth promoted by the 120 cm shelters may result in stems with insufficient strength to support their own weights (see below), the shelters must be kept intact for as long as possible. The 75 cm shelters provided greater protection from dieback than the 120 cm shelters whilst not significantly increasing this risk in comparison with the unsheltered treatment.
Stem diameter growth assessments within the shelter treatments also point convincingly to the advantage of the 75 cm shelters compared with
